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Comprehensive Ground Water Contaminat ion Studies," Current Practices 
in Ground Water and Vadose Zone I~vesti~ations, ASTM STP 1118, David 
M. Nielsen and Mart in N. Sara, Eds., American Society for Testing and 
Materials, Philadelphia, 1992. 
ABSTRACT:  A suite of geoelectr ic techniques were used to characterize 
an aquifer for a pol lut ion study. Vert ical  electr ical  soundings were 
used to define aquifer layer resist ivit ies and thicknesses. 
Porosities, hydraulic conductivit ies, and transmissivit ies were then 
est imated from the resist ivit ies and thicknesses. The mise-a- la-masse 
method was used to define direct ion of flow, tracer velocity, and 
dispersion coefficients. Finally, borehole logging was used to obtain 
addit ional information on porosit ies and velocit ies. 
KEYWORDS: ground water, geophysics, electrical resistivity, pol lut ion 
Geoelectr ics can be applied to many specific hydrogeologic problems from 
aquifer character izat ion to pol lut ion detection. 
In general, a single hydrogeological  measurement technique is not suf- 
ficient, and supplementary techniques are needed. Geoelectr ic methods may 
themselves be supplementary methods. 
Mazac and others [1,2] have presented the pr inciples of geoelectr ics as 
appl ied in aquifer character izat ion studies, and protect ion and pol lut ion 
studies respectively. In this paper a comprehensive case history is 
presented, in which a suite of borehole and surface geoelectr ic methods were 
employed to characterize an aquifer as part of a comprehensive pol lut ion 
study. 
9 Drs. Mazac and Landa are geophysicists at Geofyzika, N.C., Geologicka 
2, 152 00 Prague 5, Barrandov, Czechoslovakia; Professor Kelly is chairman 
of the Civil  Engineering Department, University of Nebraska, Lincoln, NE 
68588-0531. 
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80 GROUND-WATER AND VADOSE ZONE INVESTIGATIONS 
BACKGROUND 
vert ical  electr ical  soundings typical ly are a pr imary geoelectr ical  
measurement technique. With proper appraisal, sounding results can provide 
a complete picture of subsurface electr ical  condit ions subject to the 
interpretat ion l imitations. Normally, soundings should be cal ibrated at 
boreholes. Maps of layer resistivit ies, layer thicknesses and depths, or 
the Dar Zarrouk parameters [3], and geoelectr ical  cross sections can be pre- 
pared for determining or est imating geometric and hydrogeologic character is-  
t ics of an aquifer. 
If information on ground water and relevant aquifer  resist iv ity is 
available, the effect ive porosity can be calculated [4]. 
Aqui fer  resist iv ity can sometimes be related to aquifer  hydraul ic 
conduct iv i ty [1], and there are several condit ions in which relat ions may 
be obtained. One case is where the percent of clay varies systematical ly 
in an aquifer. In this environment, the resist iv ity of the matr ix can be 
expected to decrease with clay content and a re lat ionship between per- 
meabi l i ty  and matr ix resist ivity can be obtained. A compl icat ing factor is 
that f ield measurements of matr ix resist ivity require the measurement of 
layer resist iv i t ies at at least two ground water resist ivit ies. With the 
aquifer  resist iv ity known, and if aquifer thickness can be determined, 
t ransmiss iv i ty can be calculated. 
F low direct ion can be obtained by monitor ing the movement of an injected 
tracer using the mise-a- la-masse method [5,6]. Tracer experiments or 
movement of contaminants can be interpreted to est imate dispersivit ies. 
This can be done using monitor ing wells and measur ing specif ic conductances 
or, under favorable conditions, surface geoelectr ics [7] or the mise-a- la-  
masse method can be substituted for the measurement of specif ic conductan- 
ces. 
The character ist ics of aquitards can also be def ined by electr ical  
measurements [3]. The vert ical  permeabi l i ty  or leakance (ratio of vert ical 
permeabi l i ty  to thickness) can be determined and can be useful  in both 
protect ion and pol lut ion studies. 
SETTING 
A geophysical  survey was conducted at a local i ty in southern Moravia 
(Czechoslovakia) to investigate the causes of pol lut ion in two drainage 
areas designated areas DA1 and DA2 on Fig. 1. The aquifer is used as a 
potable water source and more than 40 I/s of water  is pumped from the 
aquifer  for dr inking water. The aquifer consists of Quaternary sand and 
gravel terrace deposits along the Satava River over ly ing an impermeable 
Neocene clay. 
To character ize the pol lut ion and define the probable pol lut ion sources, 
water qual i ty measurements were made along with surveys using several 
geoelectr ical  methods. The first object ive of the geolectr ic  surveys was 
to def ine the geometry of the aquifer and its hydrogeological  character is-  
t ics [8]. 
 
MAZAC ET AL. ON GEOELECTRICS 81 
\,J" 
",q. d- #%. "%, ~ ",%,. 
\~\,~3P19 'J>"/" 
' " J - '  ; 6 . . .~ ' "~~ ~ ' ' 4~o' 86Om 
Sources of agricultural pollution" 




drainage areas 1,2 
borehotes with local direction of ground- 
water flow (Tab. )  
structural units I to IV according to the 
aquifer thicknesses d 
regional direction of groundwater flow 
FIG. 1 -- Boundar ies  of hydrogeo log ica l  un i ts  I, II, III, and IV based  on 
e lec t r i ca l l y  determined  th icknesses .  
 
82 GROUND-WATER AND VADOSE ZONE INVESTIGATIONS 
From the ver t i ca l  e lec t r i ca l  sound ing results ,  four  areas  were 
d i s t ingu ished  on the bas is  of  the th icknesses  and res i s t iv i t ies  of  the sand 
and grave l  layers  (Figs. 1,2). Th icknesses  range f rom about  5 to more  than 
8 meters  a long  the r iver  (Area IV) to less than 1 meter  in the nor thern  par t  
of  the study area (Area I). The aqu i fe r  res i s t iv i ty  var ies  f rom less than 
200 ohm-meters  to more  than 700 ohm-meters .  
AQUIFER PROPERT IES  
Poros i ty  
The e f fec t ive  poros i ty  Peff(%) was ca lcu la ted  
res i s t iv i t ies  us ing  the re la t ion  (Worthington,  1976). 
pwi]i/n 
Pelf  = a P w, i - a 
Po, i P~ J 
f rom the es t imated  
(1) 
where  Pw,i is the groundwater  res i s t iv i ty  (contaminated  Pw,c = 3 -10  ohm-m, 
uncontaminated  Pw,u 12 ohm-m) .  The aqu i fer  res i s t iv i ty  determined  by VES is 
P0,i (contaminated ~,c = 170-550 ohm-m, uncontaminated  ~,u = 550 ohm-m) ,  and 
the constants  a=l and n=2 (Table 1) and ~ is the matr ix  res is t iv i ty .  
Mat r ix  res i s t iv i ty  can be d i rec t ly  re la ted  to permeab i l i ty  where  per -  
meab i l i ty  is p ropor t iona l  to c lay content;  mat r ix  res i s t iv i t ies  can be 
ca lcu la ted  if measurements  are made at the same po in t  be fore  and af ter  
contaminat ion .  The matr ix  res i s t iv i ty  is then 
Ps = Po, uPw, uPo, c -  Po, uPw, cPo,c (2) 
Pw, uPo, c - Po, uPw, c 
The e f fec t ive  Peff (%) can a lso  be ca lcu la ted  as 
Peff  = i00  Vf  
Vr 
(3)  
where  the f i l t ra t ion  (Vf) and the actua l  (Vr) ve loc i t ies  are determined  by 
the d i lu t ion  and mise -a - la -masse  geophys ica l  methods  as shown later.  
TABLE 1 -- Observed  data  Po,c 9 Po,. 9 Pw,u , Pw,c and 
in terpreted  va lues  of  Ps and Perf" 
Boreho le  Po,c Pw,c Ps 10"3 Peff (%) Remarks  
no. (ohm-m) (ohm-m) (ohm-m) n = 2 p (ohm-m) 
P la  300  7 7 .50  15 .0  Po,u = 500  
P 1 350  8 3 .50  14 .3  . . .  
P 6 200 4 2 .00  13 .4  Pw,u = 12 
P 5 170 3 1.42 12.7 ... 
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FIG. 2 -- D is t r ibut ion  of aqu i fe r  res i s t iv i ty  based  on ver t i ca l  e lec t r i ca l  
soundings,  and locat ion  of boreho les .  
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F low d i rec t ion  and ve loc i ty  
Both  the d i rec t ion  and the magn i tude  of  the groundwater  f low ve loc i ty  
can be determined  by a hydrogeo log ica l  var iant  of  the mise -a - la -masse  
method.  The mise -a - la -masse  method was or ig ina l ly  used for detect ing  and 
determin ing  the extent  of conduct ive  ore bodies.  
The hydrogeo log ica l  var iant  of the method [9,10] invo lves  the cont inuous  
in jec t ion  of a t racer  (e.g., NaC1, KCI) wh ich  forms a conduct ive  body in an 
aqu i fe r  wh ich  increases  in s ize w i th  t ime in the f low d i rec t ion  main ly  due 
to convect ive  mot ion,  par t ly  to d ispers ion.  The body  (plume) is charged  by 
an e lec t r i ca l  cur rent  and the d i s t r ibut ion  in t ime and space of  equ ipoten-  
t ia l  l ines are observed  on the earth 's  sur face (Fig. 3). 
The actua l  or  t racer  f low ve loc i ty  V r in the mise -a - la -masse  method is 
~a (Fig. 4) of usua l ly  determined  f rom the ve loc i ty  of  the movement  Ve = --~ 
the equ ipotent ia l  l ines as de f ined  by the max imum s lope of the ~(~)  curve 
where  ~ is the t ime d isp lacement  of the equ ipotent ia l s  in the d i rec t ion  of 
A of  the max imum change. The main  advantage of the mise -a - la -masse  method 
is that  on ly  a s ingle boreho le  is needed for determin ing  the f low ve loc i ty  
and d i rect ion.  
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FIG. 3 -- Determinat ion  of the f low d i rec t ion  f rom the d i sp lacement  of  
equ ipotent ia l  l ines a% (cm) by the mise -a - la -masse  method.  
 
MAZAC ET AL ON GEOELECTRICS 85 
J lee 
a i {cm) / 
- so4  / o / 
"~ -~ 40 tmox--~t~' 
~2 30- 
(0 oO / 
-a~ 10-  
, t 
I ! i I '  I I I I ' ' ~ '  I ' , I ' !  
1 : . .~5  a t . . .~ 10 15 20  24  
t i (hours )  
FIG. 4 -- D isp lacement  of equ ipotent ia l  l ines ~ (cm) in the mise -a - la -masse  
method  (der ived f rom Fig. 3). 
Due to the f in i te  res i s t iv i ty  of the charged  body (plume) the ve loc i ty  
V e does not cor respond to the t rue or t racer  ve loc i ty  ~.  The re la t ion  
between the two ve loc i t ies  in the d i rec t ion  A is determined  by Eq. (4): 
V~=C.~ (4) 
where  the coef f i c ient  C a ( l~C,~m) depends on res i s t iv i ty  contrasts ,  depth  
to the water  level  and on o ther  geometr i c  factors  [6]. If the res i s t iv i ty  
Po of an aqu i fe r  w i th in  the p lume approaches  zero (~ ~ 0) the constant  C, 
= I and ~ =~ which  is a very rare case. At  the surveyed loca l i ty  C n = 1 .3  
to  1 .5  (Table 2). 
TABLE  2 -- Observed  or  in terpreted  va lues  of A, V e , V r , D e , and D~r. 
Boreho le  A Ve 10 ~ V r 10 -s D e Der 
no. (degrees) (m/s) (m/s) (mZ/day) (m2/day) 
P 5 75 0.95 1.24 0.42 3.55 
P 11 200 4.17 5.42 0.75 5.76 
P 14 195 0.16 0.24 . . . . . .  
P 19 220 4.58 6.87 0.62 5.43 
The depth  penet ra t ion  of the method  is l imi ted  to about  ten meters .  The 
accuracy  of the d i rec t ion  determinat ion  is h igher  than for the ve loc i ty  
determinat ion .  It is des i rab le  to observe  the move-ment  of at least  two 
d i f fe rent  equ ipotent ia l s  at a d i s tance  f rom the boreho le  greater  than 1.5 
t imes the depth  to the aqu i fe r  w i th  a non-conduct ive  cas ing  and more than 
3 t imes the depth  in case of a conduct ive  cas ing  but  in both  cases less than 
seven t imes the depth  to the aquifer .  Equ ipotent ia l  movement  shou ld  be 
observed  for a cont inuous  t racer  input  unt i l  the i r  d i sp lacement  ~(~)  
reaches  a max imum (Figs. 3,4). T racer  concent ra t ions  should  be in the range 
of 2 to 5 g/l, s ince h igher  concent ra t ions  can cause ver t i ca l  segregat ion  
due to dens i ty  cont rast  w i th in  the in jec ted  body  and inva l idate  the 
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geometr i c  and res i s t iv i ty  assumpt ions .  The cont inuous  concent ra t ion  is 
manta ined  constant  by mon i to r ing  the groundwater  res i s t iv i ty  
D ispers ion  
The e lec t r i ca l ly  determined  d ispers ion  coef f i c ient  De=DerPefflO -2 and the 
actua l  d i spers ion  coef f i c ient  Der are, together  w i th  the parameters  V r and 
PeR 9 the most  impor tant  t ranspor t  parameters .  T rad i t iona l ly ,  determinat ion  
of  d i spers ion  coef f i c ients  is based  on mon i to r ing  var ia t ions  of  a t racer  
concent ra t ion  C(x,t), at a f ixed po in t  x, w i th  t ime t. The po in t  (e.g, an 
observat ion  wel l)  shou ld  be s i tuated in the d i rec t ion  A of  the groundwater  
f low wh ich  can be advantageous ly  determined  by the hydrogeo log ic  var iant  of  
the mise -a - la -masse  method descr ibed  above (Fig. 3). Concent ra t ion  var i -  
at ions  at the po in t  can be determined  e i ther  in an observat ion  wel l  by  
chemical ,  e lect r ica l ,  photo -  and thermometr i c  methods  or  geophys ica l ly  us ing  
two approaches:  sur face ver t i ca l  e lec t r i ca l  sound ings  at a po in t  s i tuated 
in the d i rec t ion  of  g roundwater  f low or  w i th  the mise -a - la -masse  method if 
on ly  one boreho le  is avai lab le .  The former  method uses an impulse  method 
and the la t ter  a cont inuous  input. 
Re la t ions  for determin ing  the d i spers ion  coef f i c ient  D e by the mise-a -  
1a-masse  method are based  on the very  rough assumpt ion  that  the C(t) curve 
cor responds  to the ~(t) curve (Fig. 4). 
Th is  assumpt ion  is approx imate,  but  is ana logous  to the assumpt ion  that  
the t racer  concent ra t ion  C can be determined  f rom changes in aqu i fer  
res i s t iv i ty  0~ in terpreted  f rom sur face geoe lec t r i ca l  measurements  [6]. 
P resent  in terpretat ion  techn iques  do not  enable  re l iab le  determinat ion  of 
the d i s t r ibut ion  curve 0~ (x,t) and consequent ly ,  the  concent ra t ion  curve 
C(x,t). 
The re la t ion  for ca lcu la t ing  D e (Table 2) is taken  f rom c lass ica l  
hydrogeo log ica l  methods  [7, 11, 12] us ing  ~(t) for C(t), with  the notat ion  
as de f ined  in Fig. 4. Here it is assumed that  the d i spers ion  is one-  
d imens iona l .  
F i l t ra t ion  Ve loc i ty  
The apparent  Vaf and actua l  Vf f i l t ra t ion  ve loc i t ies  were  determined  by 
the boreho le  res i s t iv i ty  d i lu t ion  method (Fig. 5) based  on mon i to r ing  
groundwater  res i s t iv i ty  w i th  the depth  to the water  level.  
The pr inc ip le  of  the method was deve loped in the late  f i f t ies  [13, 14]. 
Typ ica l ly ,  salts  (NaC1, KCl),  o rgan ic  dyes or  rad ioact ive  e lements  are used 
as t racers .  The apparent  f i l t ra t ion  ve loc i ty  Va. f (m/s) can be ca lcu la ted  
us ing  equat ion  (5): 
Va J ~r in I ct-CO ] 
= - -~  [c~c0J (s) 
where  r is the we l l  d iameter  in meters,  t is the t ime s ince in jec t ion  of  the 
t racer  in seconds, C o , Cl, and ~ are concent ra t ions  in gl "1 of  the t racer  
in the groundwater ,  immediate ly  a f ter  in t roduct ion  of  the t racer  and at t ime 
t. 
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F IG .  5 -- Determinat ion  of Va, f by the d i lu t ion  method. 
When res is t iv i ty  is used to measure  d i lu t ion  of the tracer,  NaCl  is 
commonly  used as the tracer.  The NaCl  concent ra t ion  (C) can then be 
determined  from the res is t iv i ty  R (ohm-m) values us ing the s imple rela- 
t ionsh ip  
(X0 . G1 
C t = at  ; C o = __, C 1 = __  
R; R; R? 
where ut,0,1 are constants  depend ing  on groundwater  temperature ,  ~,0,I are 
measured  groundwater  res is t iv i t ies  and n =1.04  + 0 .02  is a constant  
determined  exper imenta l ly  and va l id  for 0.001 g / l  <_ C <__ 10 g /e  [15]. 
subst i tu t ing  the express ions  for Ct, Co, and C I and prov ided  that  ~=u0=u 1
the express ion  for the apparent  f i l t ra t ion  ve loc i ty  can he rewr i t ten  in the 
fo l lowing form: 
 /TM 
F I /  - z 
Va' = 3~ [--~-] lOg [R0] TM --1 (6) 
F'J 
The t rue f i l t ra t ion  velocity,  Vf (Table 3) is calculatefl f rom Eq. 7 
V,j 
v s = ~ (7) 
where ~ is the dra inage coef f i c ient  [15] depend ing  on the wel l  con f igurat ion  
(0<~<8).  In the study local i ty  ~=3. 
TABLE 3 -- Ca lcu lat ion  of Va, f and Vf. 
Boreho le  no. Va, r 10 "5 (m/s )  Vr 10 -s (m/s) 
P 1 2.41 0.80 
P 2 3.50 1.17 
P 3 6.65 2.22 
P 4 2.02 0.67 
Hydrau l ic  Conduct iv i ty  
The hydrau l ic  conduct iv i ty  Kf (m/s) (Fig. 6) was ca lcu la ted  from the 
aqu i fer  res is t iv i ty  P0 us ing the fo l lowing re lat ion  based  on 8 parametr ic  
measurements  
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Kr(lO-Sm/s) = 165150p~17S(ohm m) (8) 
The inverse  re la t ionsh ip  between Kf and ~ usua l ly  occurs  in l i tho log-  
ica l ly  homogenous  sed iments  and ind icates  Kf is p r imar i ly  determined  by 
var ia t ions  in aqu i fe r  poros i ty  [1]. Once we know the th ickness  b (m) of the 
aqu i fe r  (Fig. i) and its res i s t iv i ty  ~ (Fig. 2), and hence  Kt, the 
t ransmiss iv i ty  T (m2/s) = bKf can be eas i ly  ca lcu lated.  
~)o (ohm. m) 
I0 3- 





ro  ~ ~,- ~- - '~  
~m ~ 0 ~  
102 ' ' ' ' ' ' ' ' 1  ' "  ' 
100 101 
Kf (lO-Sm/s } 
I ! I I "1  
10 2 
FIG. 6 -- Dependence  of K t = f(PoJ based on boreho le  parametr i c  measurements .  
Leakaqe Coef f i c ient  
The leakage coef f i c ient  ~ (i/s) = Kf /m = f( i / t)  where  Kf is the 
ver t i ca l  hydrau l i c  conduct iv i ty  of an overburden  and m is its th ickness .  
It expresses  the potent ia l  of  water  to in f i l t ra te  through the  layers  above 
an aqui fer .  It is inverse ly  propor t iona l  to the protect ive  capac i ty  of  the 
overburden  [3] wh ich  is cons idered  to be d i rec t ly  p ropor t iona l  to t rave l  
t ime. For  a c layey overburden,  as in the study area, the protect ive  
capac i ty  cou ld  be cons idered  as be ing  propor t iona l  to the long i tud ina l  un i t  
n m.  2P I conductance  S = where  ~(m) and 0 i~-mJ  are the th icknesses  and 
i=l tpi 1 
res i s t iv i t ies  of the overburden  sed iments  (Table 4). 
TABLE 4 -- Ca lcu la t ion  of leakage parameters .  
Boreho le  m I p! m2 P2 s i - f(t) 1/s i - f(Kn) 
no. (m) (ohm-m) (m) (ohm-m) (i/ohm) (ohm) 
P 1 0.8 58 0.6 350 0 .01551 64.48 
P 6 0.5 85 0.85 200 0 .01013 98.69 
P 8 0.4 120 2.9 254 0 .01476 67.73 
P 11 0.3 90 2.9 450 0.00977 102.27 
P 19 1.0 292 2.4 480 0 .00842 118.70 
For  g round water  po l lut ion ,  th is  parameter  can ind icate  a t tenuat ion  of  
some contaminants  as they move through the overburden  layers  to the water  
tab le  [3]. 
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CONCLUSIONS 
Geoelectric methods can be used in all phases of ground-water con- 
tamination investigations. Their information content can be maximized by 
using them in complementary ways. Supplementary borehole information is 
required to calibrate the electrical methods. Borehole logging can 
complement measurements from the surface "mise a la masse" method. 
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